Understanding the water vascular system (WVS) in early fossil echinoderms is critical to elucidating the evolution of this system in extant forms. Here we present the first report of the internal morphology of the water vascular system of a stem ophiuroid. The radial canals are internal to the arm, but protected dorsally by a plate separate to the ambulacrals. The canals zig-zag with no evidence of constrictions, corresponding to sphincters, which control pairs of tube feet in extant ophiuroids. The morphology suggests that the unpaired tube feet must have operated individually, and relied on the elasticity of the radial canals, lateral valves and tube foot musculature alone for extension and retraction. This arrangement differs radically from that in extant ophiuroids, revealing a previously unknown Palaeozoic configuration.
Introduction
A network of fluid-filled coelomic canals known as the water vascular system (WVS) is unique to echinoderms [1] . The WVS is rarely fossilized, and inferences regarding its nature and evolution are generally based on indirect evidence such as the identification of a hydropore or plate homologies and associated features [1] [2] [3] . Here, we describe the WVS in a specimen of Protasterina flexuosa [4] (family Protasteridae, subfamily Protasterinae [5] ) from the Upper Ordovician Katian (Edenian, Cincinnatian) of Kentucky, USA [6] , revealing the first evidence of internal features of the WVS in a Palaeozoic ophiuroid, including the radial canals, lateral branches and head bulbs. Water vascular tissue in a fossil ophiuroid was previously known only from exposed tube feet in this specimen of P. flexuosa [6] and in Bundenbachia beneckei from the Devonian Hunsrü ck Slate in Germany [7] .
In extant ophiuroids, the WVS plays a crucial role in such disparate functions as locomotion, feeding and sensing [8] . Ophiuroid tube feet project externally from a radial canal via short lateral branches (figure 1) [8, 9] . The radial canals, one per arm, are enclosed in the cavity between the arm ossicles (figure 1). Sphincters along the canal contract to create separate pressure differentials for each pair of lateral branches and corresponding tube feet which are arranged symmetrically across the midline of the arm [9] . The radial canals are elastic, storing water when the tube feet retract and deflating when they extend [9] . The lateral branches have a muscularized valve that retains and releases fluid [9, 10] . Tube foot retraction is effected primarily through contraction of tube foot musculature [10] . Morphological details preserved in the Ordovician fossil analysed here allow the function and evolutionary significance of the Palaeozoic stem-group ophiuroid WVS to be interpreted.
Material and methods
The specimen of P. flexuosa, Cincinnati Museum Center (CMC) 25001, is from the Katian (Cincinnatian, Edenian) Kope Formation (see [6, 11] for details). Both the skeletal elements and soft tissue in this specimen are pyritized [6] . The fossil has been removed from the matrix, but most of the length of two of the arms (I and V) was lost prior to its initial description [11] .
The specimen was micro-CT scanned (scan A) using the North Star Imaging micro-CT scanner housed at Vanderbilt University (Tennessee, USA). 1170 two-dimensional images were generated with a voxel size of 29.3 mm at a voltage of 100 kV and current of 62 mA; volume was reconstructed using EFX-CT (North Star Imaging, Minnesota, USA). Portions of the arm were scanned at higher resolution at Harvard University (scans B and C) using a Nikon XTek XT H225 scanner. 3200 two-dimensional images were generated with a voxel size of 6.0 (scan B) and 10.4 (scan C) mm at a voltage of 85 kV and current of 90 mA. Volume was reconstructed using Nikon CTPro 3D (Nikon, Tokyo, Japan) and visualized using VG Studio MAX v. 3.0 (Volume Graphics, Heidelberg, Germany) and Maya (Autodesk, San Rafael, USA) at Yale University. Photographs in figure 1 were taken with an Olympus BX51 microscope using a differential interference contrast and a QIMAGING QICAM Fast 1394 camera.
Results
The arm skeleton of Protasterinae (Hunter et al., 2016) [5] , including P. flexuosa, was described previously as two columns of ambulacrals offset from one another at the midline of the arm and flanked by laterals [5] [6] [7] . Ambulacrals and laterals are considered homologous to the vertebrae and laterals, respectively, in modern ophiuroids [12] . This reconstruction was based primarily on the observations of the dorsal and ventral sides of articulated specimens. Without rsbl.royalsocietypublishing.org Biol. Lett. 13: 20170635 the advantage of scan data, Glass [6] interpreted the ossicles evident on the aboral surface of the arm of this specimen as extensions of the ambulacrals separated by interambulacral muscle gaps. However, our new scans show that these aboral structures are separate from the ambulacrals, and are paired elements covering both the ambulacrals and the radial canals (figure 2d)-here termed 'ossicle A' and 'structure B.' Ossicle A is roughly trapezoidal in dorsal and ventral outline, expanding towards the axis of the arm. The shorter abradial side is indented. The ossicle is thicker at the arm axis and thins abradially. Structure B, extending beyond the area previously interpreted as interambulacral muscle gaps [6] , alternates in position with ossicle A. Although longer and wider, this structure is similar in thickness to ossicle A and likewise thins abradially. The dorsal and ventral outline is roughly triangular with a long lateral edge and tapers diagonally to its proximal extremity where it inserts between successive ossicles A. Structure B lacks preserved stereom, is composed of denser material, and varies in its preserved outline along the length of the arm; it was presumably not mineralized in life. rsbl.royalsocietypublishing.org Biol. Lett.
13: 20170635
The ambulacrals show the boot-shaped outline characteristic of protasterinids [5, 7] . The length of the foot is slightly shorter than the width of the toe (see terminology in [7] ). The top of the toe slopes dorsally into the lace area, creating a partial socket which accommodates the tube foot. The proximal and distal surfaces are roughly triangular in outline. The dorsal surface is concave where it underlies the lateral branch.
The lateral plate is roughly oval in dorsal and ventral outline, with a peg-like structure near its proximal end which extends towards the axis of the arm. The outer margin projects into a series of short spines near the ventral edge. In distal and proximal view, the lateral plate is convex outward and curves over structure B. The peg-like projection abuts the lateral edge of the ambulacral.
The radial canal lies between the ambulacrals and the newly described elements (figure 2d). The lateral branches are relatively short and accommodated by a groove within the ambulacral. Each tube foot abuts ossicle A and structure B and emerges on the lateral margin of the ambulacrals distal to the toe.
The radial canals zig-zag, each inflection coinciding with the mid-length of an ambulacral ( figure 2a,c) . The canal is subcircular in preserved cross-section, convex dorsally and flat ventrally, and tapers slightly in width distally. The width of the lateral branches varies independently of position along the arm and the preserved length of the associated tube foot, but this may simply reflect imperfect preservation in pyrite. Some of the tube feet are long and thin, whereas others are more cone-shaped with blunt, rounded tips ( figure 2c,d) ; in some cases, the tip has been broken off [6] .
Discussion
The WVS is often more densely pyritized than the skeleton: in arm III, for example, the canal appears solid and the pyrite has cracked (figure 2b, indicated by arrows). Glass [6] argued that the tube feet likely represent infills of voids in the sediment following decay; the scan data, however, show that not all void space associated with the WVS is filled, and low-density material occupies other spaces in the skeleton. Thus, pyritization of the WVS appears to reflect the presence of soft tissue.
There is no evidence of constrictions in the radial canals of P. flexuosa that might correspond to the sphincters that control the turgidity of tube feet in extant ophiuroids [9] . This suggests that the radial canals in stem ophiuroids were less important for regulating tube foot function. In addition, the tube feet in P. flexuosa are unpaired along the length of the canal, reducing the likelihood that two were controlled in tandem as in modern ophiuroids. The lateral branches, on the other hand, differ in thickness, suggesting that a muscular lateral valve was present as in modern ophiuroids. Differences in the preserved tube feet that are extended suggest that they had muscles to adjust turgidity and length as in living forms.
A comprehensive phylogeny has yet to be produced linking stem [12] and crown ophiuroids, but relationships may eventually be resolved with arm plate morphologies [14] . The ambulacra of most stem-group ophiuroid taxa are arranged in two offset rows so that the arrangement of plates across the midline of the arm is asymmetrical [12, 13] . This P. flexuosa specimen provides the first demonstration of asymmetry in the internal coelomic tissues-an attribute that is likely common to other taxa with this skeletal morphology. An enhanced role for the radial canals in controlling the tube feet may have evolved in taxa with arms that were symmetrical across the radius. This bilaterally symmetrical condition is present in Furcaster, Hypophiura and Lapworthura from the Katian (Ashgillian, Rawtheyan ¼ Cincinnatian, Richmondian) Ladyburn Starfish Bed of Scotland [12] , a few million years younger than P. flexuosa, and arose independently in the older Darriwilian genus Stenaster [3, 12] .
Conclusion
Here, we report the first example, to our knowledge, of 3D preservation of the internal structure of the WVS of a stem ophiuroid and reveal the skeletal morphology of the arm. The evidence indicates that the WVS of P. flexuosa functioned in a different way to that in modern ophiuroids, with a different role for the radial canals in controlling tube foot extension. The symmetry characteristic of modern ophiuroid arms, in both skeletal (with a symmetrical arrangement of plates across the midline of the arm) and coelomic tissues, may have originated in the Ordovician [12] , but the specimen reported here provides evidence of the morphology that preceded it. 
